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Abstract

A model has been presented which successfully simulates the experimentally observed integral batch reactive dissolution rate data while
accounting for the poly-dispersity of the solid particulate charge. This allowed avoiding arbitrary assumptions about the particulate inventory and
size independence of the mass transfer coefficient. There is also no need for a priori identification of the controlling regime, which can change
from kinetic to mass transfer during the process, apart from the possibility of the shift with the specified process and operating conditions. The
model was applied with equal ease to a simple isothermal reaction, an exothermic reaction with runaway potential and to a phase-transfer catalysis
reaction with a complex mechanism.

The model was shown to predict the time required for a specified extent of conversion of the particulate reactant or the rate of consumption of
a key liquid reactant under a variety of process and operating conditions, like temperature, liquid reactant and the catalyst concentration, particle
size, poly-dispersity of the charge and agitation speed. Such information is useful in reactor design and scale-up. Where dissolution is accompanied

with a runaway reaction, the model can predict quantities of interest in hazard assessment and should aid safe reactor design.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Dissolution of solid reactants in a reactive liquid phase
wherein the solute, following dissolution, reacts with one or
more liquid reactant species, is an important unit process in
the organic chemical process technology. For instance, in the
production of terephthaloyl chloride, the reaction has been
conducted [1] by suspending solid particles of terephthalic
acid (TPA) in excess thionyl chloride (SOCl,) in presence of
dimethylformamide (DMFA). TPA from the surface of the par-
ticulate charge dissolves into the liquid phase where it reacts
with SOCl, with DMFA serving as a catalyst.

1, 4-CgH4(COOH), + 2SOCl,
CAD1, 4-C4H4(COCI), + 2HCI + 250,

In view of the increasing awareness about the deleterious
effect of solvents on the environment the trend in organic syn-
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thesis clearly favours reactions conducted in the above manner
where one of the reactants acts as the solvent for the other which
happens to be a solid under reaction conditions. There are a
number of solid-liquid phase-transfer catalysed reactions (e.g.,
alkylation of the potassium salts of carboxylic acids such as
benzoates, terephthalates by dissolving the solid salts in a neat
liquid alkylating reactant such as n-octyl bromide [2]) reported
in the literature that work on this principle.

In many hydrometallurgical processes of interest in mineral
processing there are several examples of extraction of metal
values from finely divided high grade concentrates, e.g., copper
leaching from particulate chalcopyrite ores using hydrochloric
or sulfuric acid under oxygen over-pressure [3]. There have been
studies on dissolution of phosphatic minerals containing fluora-
patite [4,5] in the production of phosphoric acid/phosphates for
potential use in the fertilizer industry.

The kinetics of a wide variety of batch reactive dissolu-
tion processes arising in the above applications have often been
studied in the laboratory by using a so-called ‘mono-disperse’
particulate charge that is at best one with a narrow particle size
distribution (e.g., 80-120 pwm of calcium oxide particles for its
dissolution in aqueous HCI solutions [6]). The usual method of
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Nomenclature Greek letters
als interfacial area for solid—liquid mass transfer (m?) 4] thermal inertia
Aj frequency factor ((m> kmol~1)2s™1) 2 viscosity (kgm™!'s™1)
Cvb specific heat of the calorimeter bomb/reactor v kinematic viscosity (m*s~")
(kI (gK)™) o 1/t
Cys specific heat of the reactor contents including P density (kgm™)
solids (kJ (g K)—l ) Ap density difference (kg m_3)
Cc species concentration in the liquid phase T time for specified extent of dissolution (s)
(kmol m~—3) w fractional mass of remaining solid
Co initial solid loading (kmol m?) ]
D solute diffusivity in solvent (m”s~!) Subscrip s , , ,
Dy, mean particle size (m or pm) A, B  liquid reactant species (e.g., thionyl chloride and
Dy impeller diameter (m) . ethyl acetate) o
Dp diameter of the spherical particles of a size group crit lower.llmlt of the agitation speed
(m) Exp experiment
Dr reactor diameter (m) H h}ghfir limit of the particle size
D parameter of the Rosin—Rammler type particle 1 liquid S
size distribution (m or pm) L lower lll.nlt of the particle size
E| activation energy (kJ mol~) Mono mono-disperse (see Eq. (15)). o
F number distribution (number m~1) MX, MY, QX, QY, .RX, RY species constituting the
g acceleration due to gravity (ms~2) SLPTC reaction system
h impeller clearance (m) particle
H hqu1d depth (m) S ) S(.)lld solute
AH, heat of reaction (kJ mol~!) Sid $1F19r0v (see Eq. (19))
kis solid-liquid mass transfer coefficient (ms~') 0 initial
kg pseudo-first order reaction rate constant (s ') g .
ko bimolecular reaction rate constant uperscripts .
(m3 kmol~!s™1) fk) organic phgse .
my, mass of calorimeter bomb/reactor (kg) saturation (interfacial)
mg total mass of reactor contents including solids (kg)
AI\;I[W ;Iif)tlaezﬁgf;%l:igﬁss of the solid phase (kg) interpretation of the laboratory raFe.data, Yvhenever attempted
" poly-dispersity index of Rosin—Rammler type (.e. g.,[1,6]), assurpes that the re.malmng so.hd pl'lase wguld con-
distribution tinue to be effectively mono-disperse during dissolution, even
N agitation speed (rpm) as the char'acteristic particle diameter. reduces. Tl'lis entails a fur-
R(Dp) “linear’ dissolution rate (ms~1) ther assertlon tha.t the number of p?lrtlcles comprising the charge
R, universal gas constant elffectlvely remains the same during the process, which is not
. 3 ] always true.
ﬁl:x E‘gl?;j:iliﬁ;ff RX (kmolm™s™7) It has been shown by Leblanc and Fogler [7] and more
S specific surface area of the initial solid charge recer.ltly b'y BhatFacharya [8] the%t .durlng .dlssolutlon the Partl—
m?g!) cle size distribution .of thej remaining solid phase bot}.1 widens
St percentage by weight of solids in the suspension and shifts along the size axis as a whole towards lower sizes. The
Sc Schimdt number assumption about the constancy of the poly-dispersity index of
Sh Sherwood number the distribution, therefore, is questionable. It can also be shown
: time (s) Fhat except under ‘differe.ntia'l conditions, tl'le particle inventory
T temperature (K) in the course of dlssqlut1on .1s not nece§sar11y conserved. Thus,
" slip velocity (ms—1) though the extent of dissolution defined in tems of mass changes
ut terminal velocity (ms~!) may not alyvays reflect the error, the analysis has a lacunae that
Vi liquid volume (m3) can potentially lead to erroneous results.. '
X volume fraction distribution (vol- In any case the existing rate analysis methodology is not
ume fractionm—1) general enough to consider a case where the initial charge is
Z catalyst concentration (kmol m—3) distinctly poly-disperse. The particulate charge in many batch

dissolution experiments have often been represented by an arith-
metic average of the limits of the size group, e.g., in the case
of dissolution of fluorapatite ores (size ranges of 1700-1400,
1180-1000, 850-710 and 600-550 wm by mean sizes 1550,
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1090, 780 and 575 wm) in SOp—water solutions [5]. Similar
arithmetic mean sizes were used by Pradhan and Sharma [9]
in presenting data on the dependence of the rate of PTC-assisted
sulfidation of benzyl chloride on the particle size. There are
elegant ways of characterizing the particle size distribution of
these charges. Modern laboratory work/practice, increasingly,
includes such data as a matter of routine. The interpretation
of the dissolution rate data should also be compatible with and
capable of using this additional information about the particulate
charge.

Leblanc and Fogler [7] were the first to model the kinet-
ics of batch dissolution of poly-disperse solids in a rigorous
manner in the context of mineral processing. Unfortunately, the
analysis was limited by restrictive assumptions of constant lig-
uid phase concentration and about the controlling regime (mass
transfer or pseudo-first order surface reaction). This allowed the
authors to represent the intrinsic dependence of the solid—liquid
mass transfer coefficient on the particle size in a simplistic
manner.

In this paper, we present a simple and easy to use model for
interpreting observed integral batch reactive dissolution rate data
while accounting for the variation of the poly-dispersity of the
solid phase and liquid composition during dissolution accom-
panied by reaction(s) in the liquid phase. It would be possible
to specify in such a model the poly-dispersity of the charge as
a measured information. The model will be initially developed
for applications to simple isothermal reactions such as making
terephthaloyl chloride referred to as above [1]. However, the
model is consciously structured to allow, as shown later in the
paper, easy extension to other organic synthesis reactions with a
more complex mechanism as in the case of solid-liquid phase-
transfer catalysis [9]. It will also be shown how by another minor
extension, the model can be used to calculate the quantities of
interest in reactive thermal hazard assessment should the disso-
lution process be followed by an exothermic runaway reaction
in the liquid phase [10]. Interpretation of the rate data in such
a wide range of reactive dissolution problems, of interest in the
engineering of organic synthesis reactions, on the basis of a uni-
fied model does not seem to have been attempted before. Once
validated the model would also help establishing the process
sensitivity envelope that will be useful in the reactor design and
scale-up.

2. Description of the basic model features

In what follows we describe the basic features of a mathe-
matical model that represents the batch process of dissolution of
a charge of particulate solids in a solution containing a pre-
dissolved reactant and/or a catalyst, which participate in an
accompanying reaction to consume the dissolving solute and
convert the same to desired product(s). The key assumptions
underlying the analysis are:

1. The particulate charge is, in general, a poly-disperse one,
characterized by a measurable particle size distribution.

2. The particle shape does not change significantly during the
dissolution process and the particle ‘size’ can be based on the

diameter of an ‘equivalent’ sphere having the same projected
area as the particle.

3. The particles are substantially non-porous to start with and
no porous solid product forms during the reaction.

4. There is no particle breakage by attrition, nor any growth by
coalescence among particles.

5. The liquid medium is agitated by a mechanical stirrer, a
minimum degree of agitation being mandated [11,12] for
complete suspension of the particles depending upon the lig-
uid and solid physicochemical properties, impeller design
and placement (‘clearance’) and the solid loading.

2.1. Model equations

In the basic version of the model an isothermal pseudo-first
order reaction is assumed to take place between the dissolving
solute and the pre-existing reactant (with or without catalyst) in
the liquid phase. It will be seen in the later part of the paper
that the treatment can be generalised and extended to other
more complex situations. Based on the above assumptions, fol-
lowing equations can be written using symbols defined in the
nomenclature that will completely describe the model:

Particle mass balance
dDp . 2MWkis(C¥ — Cy)

R(Dp) = — 1
(Dp) a . ey
Particle population balance
dF(Dp, 1) 0
——— = ———[R(Dp)F(Dp, t 2
o 3DP[ (Dp)F(Dp, 1)] 2

where F(Dp, f)ADp is the number distribution of the particles,
denotes the number of particles belonging to the sizes between
Dp and Dp + ADp. At the start of the process (i.e., t=0) one
specifies an initial particle size distribution, F(Dp, 0).

Mass balance for the dissolved solid species

ac, 2
Vim =D ksas(CS = Cy) = VikCy 3)
DpL

with the initial condition (at #=0) set as Cs =0 and the apparent
rate constant being expressed as

ks = kaZy “
and the surface area of the particles in a given size group as

_ 6X(Dp,1)ADpM,

als > Dp )
with
705 Dpy 5
M, = ?DX:DPF(DP, f)ADp (6)
PL

2.2. Solid-liquid mass transfer coefficient

This parameter is usually correlated with particle size, agita-
tion speed and properties like density of the solid and the liquid,
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viscosity of the liquid and the diffusivity of the dissolving solute
species in the liquid phase. Under conditions where the parti-
cles are fully suspended in the liquid phase, one general way
of representing such a correlation, that may yield a conserva-
tive estimate of ki, is a form of modified Frossling relationship,
namely,

Shy = 2 + x(Rep)P(Sc) @)

The first term on the right hand side of the equality sign
occurs due to the asymptotic molecular diffusion contribution
that has been experimentally proven [17] to a large extent and
also has some theoretical justification [18]. It is in the form of the
turbulent contribution (the second term on the RHS) that some
variability exists and a plethora of correlations [13—17] have
been proposed varying in the values of the coefficient x and
the exponents 8 and y. In one of the more recent and carefully
conducted experimental studies of mass transfer to 6420 pm
diameter ion-exchange particles from aqueous glycerol solu-
tions, Armenante and Kirwan [17] had found that x=0.891,
B=0.329 and y=0.333. We used this correlation, with appro-
priate accounting of the physical property variations, being well
suited to the particle size range in many solid-liquid reaction
experiments of interest in this work. Thus, k5 could be estimated
using the following equation:

D Dpuspl>0.329( n )0.333
= (2) |2 40801 ( A ®)
: (DP> 7 oD

The ‘slip’ velocity (in the above equation) was correlated with
the terminal velocity of the particles as suggested by Miller [16].

us = 0.000644N" %4, N > Nt ®

where N represents the minimum agitation speed at which all
the particles are suspended. In the above particle size range the
terminal velocity, in turn, can be computed from the equation
originally used by Harriot [13] and recommended by others [19].

B 0.153g0'71D113'14A,00'71

Uy =
0.29, 0.43
P 1y

(10)

The Egs. (8)—-(10) were used in this work to predict ki varia-
tion with the particle diameter for the specified physicochemical
properties. The minimum agitation speed for complete particle
suspension, as proposed by Zwietering [11], can be conveniently
calculated by the following equation as given by Nienow [12]

SV?'] D(I:)»'z(gAP/Pl)OAS Sg.13
0.85
DI

crit = (11)
Nienow [12] has provided a graph to evaluate the factor s for
specified ratio of the reactor-to-impeller diameters (D1/Dy) and
the impeller clearance ratio (h/H). For instance, for a typical
case of Dt/Dy=2.5 and h/H=1/5, s=5.25. A recommended
value for the former ratio is 3 and that for the later is 1/6. It
can be shown that using a stirring speed greater than N does
not increase kg significantly. However, wherever experimental
conditions specified a speed that was greater than N it was
used in the calculation.

2.3. Solution procedure

Egs. (2) and (3) as set out above will have to be solved simul-
taneously to calculate the number distribution of the particles
F(Dp, 1) and the dissolving solute species concentration Cs in
the liquid phase as functions of time. Eq. (1) provides the intrin-
sic rate of decrease in the diameter of the particles in each size
group (which may be termed as the ‘linear’ dissolution rate in
analogy to the expression linear growth rate in crystallization)
as required in the Eq. (2). Egs. (4)—(6) and (8)—(10) provide the
necessary expressions for quantities required to be evaluated
within Eq. (3).

By choosing to represent the kj; dependence on size by
a power law expression and assuming a large (relatively
unchanging) liquid reagent (solvent) concentration, Leblanc
and Fogler [7] had combined Egs. (1) and (2) and disre-
garded the Eq. (3). The resulting partial differential equation
was analytically solved by the method of characteristics.
The solution required definition of a specific analytic form
of both the initial and the final particle size distribution of
the solid charge (such as log—normal or Rosin—-Rammler).
Thus, the analytical approach, though feasible appears more
suited to applications involving differential rate data. The
power law representation for the ‘linear’ dissolution rate
(based on simplified analytic form of the kg expression) is,
in general, not justified. The assumption of constant liquid
composition would further restrict the scope of applica-
tion of the model especially in the context of the present
paper.

In the procedure devised in this work, the size distribution
function was discretised by a simple finite difference scheme
over the size space, which was divided into Np equal size
intervals within the lower and upper limits, Dpy, and Dpy, respec-
tively. Choosing a forward difference scheme Eq. (2) can be
written for a size group containing particles having diameters
between Dp and Dp + ADp as

DR DADR) = R(Dy)F(Dy. 1)~ RDp -+ ADY)
xF(Dp + ADp, 1) (12)

This equation on recurrent application to each group would
provide Np equations and those along with the Eq. (3) can
be solved simultaneously as a set of ordinary differential
equations (ODE) by using a standard ODE solver. Such a dis-
cretisation method was also used successfully by Adrover et
al. [20] in a related problem (fragmentation or ‘sporulation’
of oxide grains from the particles of a manganiferrous ore
along with dissolution of released grains in acidic solutions)
for solving a similar set of equations numerically We used in
this work the ODE solver IVPAG from the Visual Numeric’s
IMSL mathematical subroutines package. This Eulerian dis-
cretisation was found efficient and adequate for the present
problem. More complicated and implicit discretisation schemes
are possible and were tried but the accuracy was not signifi-
cantly increased, but the computational effort escalated greatly.
The computed results did show some sensitivity with respect
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to the choice of Np. However, the results remained invari-
ant beyond Np =100 which was used in all subsequent calcu-
lations.

It is important to note that the procedure devised and used
here completely frees one from any restriction on the form of
the ‘linear’ dissolution rate R, which is process specific and,
in general, need not have a closed form expression (such as a
power law form). Indeed it may not even be analytic under some
conditions and may have to be computed only numerically as it
will be shown in the context of other more complex reactions to
be considered in course of the paper.

As a test of the accuracy of the above procedure the model
predicted rate of dissolution of potassium sulfate in water were
compared against that obtained by the analytical approach.
The properties data for the system were taken from Ditl et
al. [21]. By holding the dissolved salt concentration at a con-
stant level (large solvent volume) the concentration driving force
became constant. By using Calderbank and Moo-Young correla-
tion [14] for the K»SO4—water system over a particle size range
50-250 pm and an agitation speed in the range of 500-700 rpm
the kjs—Dp power law relationship can be shown to be represented
as

kis = 5.573 x 1073 D5 01154 (13)

Eq. (13) evaluates ks at 232 x 10~ mtobe 1.464 x 10~* m/s
while Ditl et al. [21] reported the value to be 1.455 x 10~ m/s.
The particle size distribution of the initial charge was specified
in terms of a volume fraction distribution of the Rosin—Rammler

type:

D n—1 D n
X(Dp, 0) = Z(;) exp {— (DP> ] (14)

With a poly-dispersity index (denoting the degree of poly-
dispersity of the material) n=21 and the mean statistical
diameter (a measure of the material fineness) D = 232 x
107%m, the analytical expression due to Leblanc and Fogler
[7] was used to calculate (the procedure has been demonstrated
by Bhattacharya [8]) the variation of the extent of dissolution
with time. The time scale was converted to a dimensionless one
() using time required for 90% dissolution as the normaliz-
ing parameter. The extent of dissolution has been represented
as the fractional mass of the solids remaining (w). The same
profile was also computed by the numerical procedure pro-
posed in the present work for the same initial solid charge
and using the same property values, this time using the Calder-
bank and Moo-Young correlation directly without making any
approximation such as Eq. (13). Being a case of physical dis-
solution kg was set to zero in the Eq. (3). Fig. 1 compares the
two profiles. There is hardly any discrepancy in the numerical
results. In what follows the model and the numerical solu-
tion procedure is further validated by applications to reactive
systems.

1.0
0.9
0.8
0,71
0.6
0.51
0.4

0.3

— Numerical
0.2 — Analytical

0.1

Fractional Mass of Remaining Solid (®)

0.0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Dimensionless Time (0)

Fig. 1. Comparison of the predicted rate of dissolution of potassium sulfate in
water by the numerical and the analytical approaches.

3. Application of the model: reaction between
terephthalic acid and thionyl chloride in presence of
dimethylformamide

3.1. Comparison with the observed dissolution rates

Particulate terephthalic acid (TPA) suspended in excess
thionyl chloride (SOCI,) dissolves and this dissolution is accom-
panied by the reaction between TPA and SOCI, to produce a
liquid product terephthaloyl chloride and also sulfur dioxide
and hydrochloric acid gases (see Section 1). While this reaction
is known to proceed without any catalyst, albeit very slowly,
presence of a small amount of dissolved dimethylformamide
(DMFA) catalyses the reaction considerably. In view of the usu-
ally large mole ratios between SOCI, and TPA and presence of
DMEFA in catalytic amounts, the reaction kinetics can be taken
as effectively first order in TPA concentration with the DMFA
concentration included in the pseudo-first order reaction rate
constant.

TPA dissolution rates under a variety of process and oper-
ating conditions were systematically studied experimentally by
Sidorov et al. [1] and the reaction kinetics reported in the same
paper. To interpret the data the authors made an analysis of the
diffusional mass transfer of TPA from the surface of the TPA
spheres of uniform size into the SOCl,—~DMFA liquid solution
accompanied by a pseudo-first order reaction in the liquid phase.
An important quantity resulting from this analysis was the time
required for complete dissolution of TPA particles. For the con-
venience of the presentation and discussion of the results, we
reproduce without derivation the following expressions given
by Sidorov et al. [1]:

3a+1)
_ 15
TMono b(C;")C( (15)
where
3k
= Co (16)
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and
_ 6MW ki
ps Dpo

b (17)

This simplified analysis, however, was bound by an implicit
assumption that the remaining particulate phase continues to
be essentially mono-disperse at all times during the entire dis-
solution period which is unlikely to be true. The authors also
assumed a size-independent (constant) solid—liquid mass trans-
fer coefficient. In the small particle size range pertinent to the
experimental data in question (<100 wm), kis could in principle
vary almost inversely with the particle diameter. In the previ-
ous section we have reanalyzed the problem accounting for the
poly-dispersity of the solid phase and without having to make
any assumption about the transport coefficient.

The new model has been used to calculate the time required
for dissolving the solid charge to different extents (TPA conver-
sion in the parlance of the paper) under conditions as specified
for the so-called “control experiments” (Table 1 of their paper
[1]). In these experiments, the reactant/catalyst mol ratio was
maintained constant, but the reaction temperature, the extent of
TPA conversion and the specific surface area were varied. These
being generally poly-disperse charges the equivalent starting
mean particle diameter was calculated from the measured spe-
cific surface area in each case by using the following expression:

6
Spso

Dpy = (18)
where o is a shape factor whose value was specified by the
authors to be 0.35. However, instead of using the Eq. (15),
Sidorov et al. presented another empirically correlated expres-
sion for the time for complete conversion:

19)

with the rate constant correlated by the following Arrhenius
equation:

5.9
ky = exp [30.57 _ } (20)

R,T
In trying to apply our model to these data we used the same
rate constant expression as above, the mole ratio and the tem-
peratures as specified in the experiments. The initial particle
size distribution was specified in terms of a volume fraction
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distribution of the Rosin—Rammler type such as given by Eq.
(14).

The distribution parameters n and D were chosen so as to
closely approximate the measured specific surface area for a
given initial charge. For instance, for the cases 1 and 2, an initial
charge with n=9 and D = 60 pm gave a specific surface area
of about 0.2023 m?/g, close to 0.2 m>/g that was used in the
experiments. kg was calculated by the Eq. (8).

The density of TPA and that of SOCI, and the viscosity of
the latter were taken from the published data in the handbooks,
property compendia [22-24] and encyclopedia [25]. The diffu-
sivity of TPA in SOCI, solutions was calculated by using the
Wilke—Chang correlation [21]. The solubility of TPA in SOCI,
has not been reported in the literature, nor was it measured by
Sidorov et al. [1]. It is understandable that the measurement
is complicated because of slow non-catalytic reaction between
the solute and the solvent. Moreover, TPA solubility might be
affected further in presence of DMFA [25]. For this set of data,
the solubility value could be back calculated using the Eq. (15)
and was found to vary between 0.29 and 0.98 kmol m—> with an
average of four values being ~0.515 kmolm~—3. We found that
a value 0.55 kmol m~3 gave the best fit of the entire data set.

With all the above data having been available the model could
be used to calculate the time required to achieve a given extent of
TPA conversion. The predicted values for 7 (and for 7 5 as the
case may be) for all the six cases have been compared in Table 1
with the reported experimental values as well as against the
values calculated both by the “mono-disperse particles model”,
Eq. (15) or the “mono-model” (as an abbreviation by which we
would refer to it henceforth), and by the empirical formula given
by the Eq. (19). In the last row of this table we present the model
predicted 7 for another run reported elsewhere in the same paper
[1] that used about the same mole ratios as in the other six cases,
but the initial charge was essentially a mono-disperse one. The
calculations were set up and performed in the same way as for
the other cases, the only difference being that the value for n was
set to be much higher (n =21) to approximate the mono-disperse
nature of the initial distribution, and D taken to be the same as
the stated initial mean particle size. It was found that using still
higher n did not materially affect the results.

It is to be noted that in six out of the seven cases considered,
the model predicted values are closer to the experimental ones
than those predicted by the mono-model, which always over-
predicts and in some cases appreciably. The empirical Sidorov
formula (Eq. (19)) predicted better than the mono-model but in

Table 1

Comparison of the predicted times for specified TPA conversion for several TPA charges with the observed ones under various experimental conditions [1]
Temperature Specific surface area  Zy (kmol m3) Cy(kmolm™3) n D (x10°m) TPA conversion Texp t(h)  T™™ono (Bq.  tsid (Eq.
C0) of charge (m*g™") (%) (h) as;h)  (19sh)
60 0.202 0.262 2.48 9 60 50 2.43 1.71 247 242
70 0.202 0.262 2.48 9 60 100 3.25 312 353 4.00
60 0.899 0.262 2.48 9 13.5 50 1.44 1.20 2.06 1.14

70 0.899 0.262 2.48 9 13.5 100 1.17 1.35 154 1.91

60 4.496 0.262 2.48 9 2.7 100 2.92 312 4.06 2.54

65 4.496 0.262 2.48 9 2.7 100 1.33 1.80 234 1.45

70 0.773 0.194 2.48 21 15 100 1.80 1.76  2.06 1.66
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Fig. 2. Comparison of the observed and the predicted time for specified conver-
sion of TPA under various conditions.

most cases not better than our model. Moreover, being empirical
the utility of this formula is very limited. Thus, the model pre-
sented in this work, apart from being theoretically more sound, is
more consistent and accurate among the three predictive options
available in this case. The model can handle both poly-disperse
and mono-disperse charges with equal ease. Fig. 2 shows a par-
ity plot between the observed and predicted times for all these
seven cases.

In the above form of application the model was used in an
almost predictive manner wherein the kinetics was specified,
the mass transfer coefficient calculated by a published corre-
lation, most physicochemical data taken from handbooks. It
was only the TPA solubility value that was somewhat uncertain.
Another way to utilize the model was to use it in conjunction
with the measured rate data such as above for estimating the
kinetic (Arrhenius) parameters and solubility (for which exper-
imental or reported value was not available). These parameters
were re-estimated using a standard optimization module BCLSF
from the IMSL library (Visual Numerics) and virtually the same
values as used above were obtained.

3.2. Sensitivity of the dissolution rate towards process and
operating conditions

We have shown that the model could display correct response
to changes in some of the process and operating conditions as in

1.2

Fractional Mass of Remaining Solid

0 T T ; r 7 T T

Time, hr

Fig. 3. Sensitivity of the rate of dissolution vis a vis process and operating
variables.

the control experiment runs of Sidorov et al. [1]. We then made
a systematic study of the sensitivity of the model to some of the
common and the pertinent process and operating variables that
a process developer would normally like to vary which could
provide necessary guidelines in planning and conducting such
reactions for research and/or development purpose. Ten such
conceptual runs were studied numerically with the help of the
model and using the same data and parameters as above and are
summarized in Table 2. The second through seventh columns of
this table contain the values set for each of these variables. The
last three columns summarise the time required for complete
dissolution of the solid charge calculated by the new model vis
a vis the values computed by the mono-model and the empirical
Sidorov formula.

The first run (the base case) considers a mono-disperse charge
at the temperature and catalyst concentration as used in the run
2 of the “control experiments” (see Table 1). The next three runs
involve the effect of temperature and/or catalyst concentration
(keeping all other variables the same as in the base case) on
the rate indicating that the overall rate, in this problem, is quite
strongly dependent on the kinetic factors (with the effect of cat-
alyst concentration being stronger than that of temperature, see
the Run 4 results in Table 2). The same trend would show up
clearly on a fractional mass of the remaining solid versus time
plot (Fig. 3).

Table 2
Predicted variation of the time for complete dissolution of specified particulate charges under various process and operating conditions
Run no. Temperature (°C) Mole ratio Zo (kmolm—3) Co (kmol m~3) n D (x10°m) Nerit (rpm) 7 (h) TMono (Eq. Tsid (Eq.
(15); h) (19); h)
1 70 1:4:0.078 0.262 2.48 21 60 500 2.92 3.53 2.64
2 60 1:4:0.078 0.264 2.48 21 60 500 5.39 6.21 7.83
3 70 1:27.9:0.12  0.059 2.48 21 60 500 7.19 8.25 8.11
4 65 1:27.9:1.0 0.473 2.48 21 60 500 2.85 3.45 2.90
5 70 1:4:0.078 0.262 2.48 9 60 500 3.12 3.53 2.64
6 70 1:4:0.078 0.262 2.48 9 30 500 1.86  2.06 1.87
7 70 1:4:0.078 0.262 2.48 9 15 500 1.39 1.58 1.32
8 70 1:4:0.078 0.262 2.48 4 60 500 3.82 3.53 2.64
9 70 1:4:0.078 0.262 2.48 9 60 700 2.99 3.36 2.64
10 70 1:4:0.078 0.262 2.48 9 60 350 3.25 3.71 2.64
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Fig. 4. Effect of particle size on the extent of dissolution.

Run nos. 5, 6 and 7 demonstrate the expected effect of reduc-
ing mean particle size of the initial solid charge (at a given
poly-dispersity, i.e., constant ), namely, increased rate of dis-
solution. The mean particle size has been calculated by the
following formula valid for the Rosin—Rammler distribution
assumed here for the charges:

Dy, = D(In 2)1/™ 1)

What should be noticed, however, is that as the particle size
is reduced the rate curves (see Fig. 4) approach an asymptotic
profile implying the kinetic control. Thus, reducing the mean
particle size below a certain level may not yield much rate
enhancement.

Runnos. 1, 5 and 8 together show the effect of poly-dispersity
of the charge (n) on the rate (for identical D and with all other
variables kept constant). We observe that an increase in the
poly-dispersity clearly increases 7. The interesting point to note
(compare the plots for run nos. 1 and 8 in Fig. 3), however, is
that for the first 40-50% dissolution, the poly-disperse charge
dissolves at a faster rate than a mono-disperse one, while in
the latter half of the conversion history the trend is exactly the
reverse. This observation can be rationalized in terms of Fig. 5,
where it can be seen that initially a poly-disperse charge provides
a greater specific surface area than a mono-disperse one. But as

0.7

0.6 1
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—Polydisperse charge

0.4
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Specific Surface Area of the Solid, ng
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Fig. 5. Effect of poly-dispersity of the charge on the specific surface area of the
solid phase.

the dissolution progresses, the latter moves rapidly to the lower
particle size range with a large enhancement in the specific sur-
face area, whereas for the former charge the change in the particle
size distribution is relatively marginal thereby limiting the rise in
surface area with time. For the simple isothermal first order reac-
tion considered above this may not make much difference, but
in the case of exothermic reactions or complex secondary reac-
tions in the liquid phase, the difference may become significant
in some cases.

Runs 5, 9 and 10 (see Table 2) show the effect of agitation
speed on the rate. As expected this variable, which mainly affects
the mass transfer coefficient (that too in a sub-linear manner),
would not significantly affect the rate, especially as the rate
of reaction, for this particular problem, is not essentially mass
transfer controlled. However, it was important to make sure
that for the given charge and loading conditions the agitation
speed is larger than Nc. This value was 336 rpm in the present
case. Thus, in general, where the kinetic factors play substantial
role, the agitation speed should be chosen well above N but
variation in this variable is not likely to be important.

4. Extension of the model to exothermic reactions
4.1. Simulation of the self-heating in a runaway reaction

A natural extension of the model presented earlier is to the
case of solid dissolution followed by an exothermic reaction in
the liquid phase. In many multiphase reactions studied or used
for the development of fine and speciality chemicals the issue
of thermal runaway hazards (with accompanying gas evolution
leading to rupture of the containment chambers) is very real.
Correct estimates of the adiabatic (or the maximum) temperature
rise, the maximum self-heating rate, the time-to-maximum rate
(TMR) and the temperature at the maximum rate (TeMR) in
the context of the batch operation of test reactors, calorimeters
(e.g., accelerated rate calorimeter or ARC) carrying out such a
reaction are useful for safe reactor design and scale-up.

In course of an investigation into the thermal runaway occur-
ring in a drum storing a mixture of thionyl chloride and ethyl
acetate, Wang et al. [10] found that dissolution of the zinc coat-
ing on the steel drum followed by a highly exothermic reaction
was the cause of the runaway. As a part of their studies on the
compatibility of liquid mixture with the material of construction
of the drum, they conducted tests in an ARC and in a number of
small-scale adiabatic reactors holding the mixture and loading
into it either drum scrapings, galvanized strips of metal or fine
zinc powder. In each case, a runaway was invariably observed
after a short time period, with variable heat generation and pres-
surization rates. Although the context is indirect, this provided
a good, realistic experimental study of the heat generation and
a very rapid temperature rise attendant on an exothermic reac-
tion following dissolution of a mass of fine powdered solid in a
reactive liquid medium. This was a fit case to which our model
could be applied.

The model described earlier will have to be slightly extended
and generalised to become applicable to this problem. Although
the reaction following the dissolution of metallic zinc may
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be a multi-step one and involves radicals or intermediates,
for the present purpose we would assume it to proceed as
follows

Zn(s) + SOCly(1) + C;HsCOOCH3(1)
— SO2(g) + C2HsCl(g) + CH3COCI()
and the kinetic rate law is given by

ri = Ay exp (RgETl> CsCACg (22)

Eq. (22) is largely in conformity with the effective rate equa-
tion proposed by the authors [10] on the basis of a radical
mechanism. The particle population balance, Eq. (2), along with
the ‘linear’ dissolution rate, Eq. (1), given in Section 2 remain-
ing as they are, the pertinent liquid side balance equations would
be as follows

dc, Dpy
Vi—t =D ka(C = C) = Vi (23)
DpL
dC, dC
Aoy (24)
dr dr
dT  (=AHp)V,
a ( DViry 25)
dr MgCysP

with the initial concentration of the solute Cs =0, those of the
liquid phase species A and B being Cao and Cpo and the initial
temperature set at close to the ambient one, 7. AH; is the heat
of reaction (—ve sign implying exothermicity). my is the mass
of the reactor contents (inclusive of the solid charge) and cys is
the constant volume specific heat of the same. ¢ is the thermal
inertia defined as

MpCvb
p=1+
MmgCys

(26)

Eq. (25) is the type of heat balance equation commonly
used in the analysis and interpretation of data from adiabatic
calorimeters and small-scale reactors [26] and allows one to cal-
culate the maximum possible (adiabatic) temperature rise. Egs.
(23)—(25) were solved simultaneously with the Eq. (2) along
with the ancillary Egs. (1), (5), (6), (22) and (26). The solu-
tion procedure was exactly the same as discussed in Section
2.

In an experiment described by Wang et al. [10], to a mixture
of thionyl chloride and ethyl acetate (liquid volume 10~* m?)
with specified composition, 0.02kg of zinc powder (with a
particle size range 50-75pm) was charged at the ambient
temperature. An exothermic reaction with intense self-heating
occurred after about 14 min of storage. A peak temperature
of 163.8°C was recorded. A lot of gas evolution also took
place with attendant pressure rise. The model was used to sim-
ulate the temperature rise as observed in the above experi-
ment.

As in the case of TPA conversion experiments considered
in the previous case, we assumed an initial particle size dis-
tribution given by the Eq. (14) with the parameters n and
D chosen (n=26, D = 68.5 um) so as to start with a fairly

Table 3

Input data and the predicted results for the thermal runaway during dissolution
of metallic zinc powder in a liquid mixture of thionyl chloride (43%, v/v) and
ethyl acetate (57%, v/v)

Quantities

Input data
Liquid volume (m?) 1.0x 107
Liquid density (kg m~3) 1.214 x 10°
Liquid viscosity (m Pas) 0.507
Liquid specific heat (kJ (gK)~!) 1.354 x 1073
Zn loading (kg) 0.02
Particle size range of Zn powder (pum) 50-75
Starting temperature (°C) 26
Heat of reaction (kJ mol~!) 125.5
Activation energy (kJ mol~!) 83.68
Frequency factor 3.25 x 10102
Thermal inertia 1.68%

Predicted quantities
Final adiabatic temperature (°C) 163.1
Maximum self-heat rate (°C min~!) 267
Temperature at the maximum rate (°C) 122.8
Time-to-maximum rate (min) 14.37

2 Estimated in the present work.

narrow distribution having a particle size range as specified.
Although not mentioned, we assumed an agitation speed same
as that would be required for complete suspension of the par-
ticulate phase. Once these two parameters were chosen, Eq.
(8) was used to calculate the appropriate values for ks at all
stages of calculation. The pure component properties of zinc,
thionyl chloride and ethyl acetate were taken from the hand-
books [22,23]. The required specific heat, density and viscosity
of the liquid phase were calculated given the liquid composi-
tion, diffusivity calculated by the same correlation as used in
the earlier problem. The property values used in the simulation
have been summarized in the upper part of Table 3. The same
table also presents the values for the activation energy and the
heat of reaction. These were the same as reported by Wang et
al. [10].

The thermal inertia of the calorimeter/reactor and the fre-
quency factor in the reaction rate equation, Eq. (22), were the
two parameters that were estimated (see Table 3) to simulate
the experimental temperature rise data. The same parameter
estimation technique as used in the earlier problem was used
successfully. The former affects the adiabatic temperature rise
and the latter controls the onset of self-heating. It is seen from
the lower part of Table 3 that both the peak temperature and
the TMR (as observed in experiment) have been almost exactly
predicted by the model. Fig. 6 compares the predicted temper-
ature rise profile with the experimental data (recorder trace).
The plots are remarkably close validating the model and the
estimated parameters.

Inactual applications, the bomb or the calorimeter heat capac-
ity is likely to be known or measurable, thereby assigning an
appropriate value for the thermal inertia. The only unknown in
that case would have been the Arrhenius parameters. The model
presented here can be used to estimate these parameters to fit a
measured temperature profile.
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Fig. 6. Predicted temperature rise in the reaction between metallic zinc and
thionyl chloride-ethyl acetate mixture.

4.2. Effect of particle size and poly-dispersity on the
self-heating rate

For a two-phase reaction system exhibiting thermal runaway
such as the one studied above any process or operating parameter
that affects the runaway characteristics like TMR and/or the
maximum self-heat rate would be of great interest. Particle size
is obviously an important choice in this regard inasmuch as that
could affect the rate of mass transfer, which in turn could have
a bearing on the rate of temperature rise. Through out this work
we consistently proposed to specify the charge by both the mean
particle size and the extent of poly-dispersity. In what follows
we show the effect of both on several quantities of interest by
numerical case studies using the model.

In Table 4 seven rows of results have been listed. In all cases
maximum self-heat rate, TeMR and TMR have been reported.
Case nos. 1, 2 and 5 show the effect of changing D maintaining
the same value for n. The cases 3—7, on the other hand, show the
effect of changing n at the same D. In each case we have also
calculated the mean particle size, Dy, (which is usually smaller
than D), by the formula given in Eq. (21).

As expected, on reducing the mean particle size, keeping
the same poly-dispersity (cases 1, 2 and 5), the rate of reac-
tion increases significantly, which is directly reflected in the
increase in maximum self-heat rate. However, when the reduc-
tion of the mean particle size is accompanied with the increase
in the poly-dispersity (by progressively reducing 7 in the cases,
3-7), the peak self-heat rate at first increases, goes through a

Table 4

maximum at moderate n before going down again for more
highly poly-disperse charges. In this case, the rate-enhancing
effect of reduction in the mean particle size is at first partly
compensated for and, eventually, fully overtaken by the delete-
rious effect of increasing the poly-dispersity of the charge. Here
we show that, though quantitatively marginal under the specified
conditions, poly-dispersity may also modulate the rate and the
heat generation. This result does not seem to have been reported
before and could not have been foreseen in studies discounting
the poly-dispersity of the solid phase. Interestingly, the TMR
remained almost the same in all the seven cases. The onset of
the self-heating and the TMR directly depends on the kinetic
factors which can be easily demonstrated by changing the value
of the frequency factor. The activation energy has an even more
dramatic effect.

5. Extension of the model to a complex reaction system:
solid-liquid phase-transfer catalysis

5.1. The conceptual background and the context

In conducting a variety of organic synthesis reactions
between the reagents that are normally in mutually insoluble
phases, small amounts of phase-transfer agents or catalysts
(PTC) like quaternary ammonium or phosphonium salts or
crown ethers have been known [27] to facilitate the reactions
under mild conditions and sometimes enhance the rate signifi-
cantly. For example, a very slow nucleophilic substitution such
as the cyanide displacement on an alkyl chloride like chlorooc-
tane (RX) dissolved in an organic solvent is enhanced by addition
of a small amount of tetrabutyl ammonium chloride (a quater-
nary ammonium salt, Q*X ™). The latter forms an ion-pair with
the nucleophile (the cyanide ion, Y ™) in the aqueous phase and
is sufficiently lipophilic as well for the same ion pair (Q*Y ~, the
active form of the PTC) to be extracted into the organic phase
where the displacement reaction can then take place and the
product cyano-octane (RY) is formed. The regenerated PTC re-
dissolves into the aqueous phase and the non-reactive chloride
anion is again exchanged for the reactive cyanide anion.

In the above example, the aqueous phase serves both as a
source of the nucleophile (cyanide) and as a sink for the non-
reactive product anion (chloride), with the PTC mediating the
cyanide for chloride ion-exchange in the aqueous phase. In some
cases it is possible to replace the aqueous solution with the solid
salt (such as sodium cyanide in the above example) for substan-

Effect of particle size and the poly-dispersity on the self-heating rate during dissolution of metallic zinc powder in a liquid mixture of thionyl chloride (43%, v/v)

and ethyl acetate (57%, v/v)

Case no. n D (pm) Size range (um) Dy, (pm) Maximum rate (°C min~") TeMR (°C) TMR (min)
1 9 85 33-110 81.6 214.9 120.0 14.28
2 9 62.5 25-81 60.0 301.1 125.0 14.22
3 26 45 32-50 44.4 423.9 130.0 14.52
4 15 45 25-53 439 426.4 130.0 14.51
5 9 45 18-58 43.2 427.3 129.4 14.31
6 7 45 13-63 42.7 426.7 129.4 14.37
7 5 45 7-70 41.8 415.2 127.7 14.81
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tially the same duty. Conducting such a reaction in an anhydrous
manner (usually termed as solid-liquid phase-transfer catalysis
reaction or SLPTC) may have commercial advantages [28], the
most important among them being the elimination of undesir-
able side reactions that water may promote in some cases, as
well as the ease of product separation. The issue of natural bar-
rier for the transport of the nucleophile between the solid and
the liquid phases being still the key problem, the challenge is
to have the PTC, dissolved in the organic phase, to somehow
mediate the above ion-exchange, either on the solid surface (het-
erogeneous solubilisation) or in the liquid phase (homogeneous
solubilisation) close to the solid—liquid interface [29,30].

Many examples of SLPTC reactions have been reported in
the literature [28], which may approximate one or the other
categorization as above with good reason, a full discussion of
which is beyond the scope of the present paper. It has been sug-
gested [28] that for the quaternary salts wherein the positive
charge is effectively shielded by the large alkyl groups there
would be steric hindrance for the PTC to approach the solid sur-
face too closely and hence direct solubilsation from the surface
may be generally discounted. In that case homogeneous sol-
ubilisation is the likely mechanism, wherein the nucleophilic
solid would have a small but finite solubility in the organic
phase.

Fig. 7 is a schematic diagram that depicts the inter-phase
diffusional transport mediating the dissolution of a spherical
particle of MY into an organic solvent which contains the sub-
strate RX and the phase-transfer catalyst QX pre-dissolved in
it. As MY diffuses into the liquid film intervening between
the particle and the bulk liquid phase, it participates instan-
taneously in the reversible ion-exchange reaction with QX
diffusing in the opposite direction from the bulk phase into
the film. The resulting ion-pair QY diffuses out into the bulk
phase and reacts with RfX to produce the desired product RY
while re-generating QX, which in turn would diffuse back into
the film thus completing the PTC reaction cycle. Consider-
ing that the solubility of the salt in the organic solvent would
be generally extremely small it may not be inappropriate to
assume that the concentration of MY in the bulk phase is neg-
ligible and that there is no flux of MY from the film into
the bulk. The concentration profiles of all the three species
conforming to the above picture are schematically shown in
Fig. 7.

Liquid Film

MY +Q'X e M'X +Q"Y"
MY Q Q

dC,y /dx=0,C5 =0

]

R-X+Q'Y -R-YV+ O'X"

Bulk Organic
Phase

Fig. 7. Schematic diagram of the inter-phase transport of the solid salt MY into
the organic phase accompanied with the reactions in the film and the bulk.

The above scheme is conceptually very similar to the model
D among the four mechanistic schemes discussed by Naik and
Doraiswamy [30] for homogeneous solubilisation in SLPTC
reactions. Our scheme is distinguished from their model in the
following respect apart from the consideration of a poly-disperse
solid reactant. We have assumed that only the ion-exchange takes
place inside the film and the bimolecular displacement reaction
takes place in the bulk liquid phase, and furthermore that the
ion-exchange is an instantaneous reversible reaction. In kinetic
studies of mass transfer controlled PTC reactions [31] such ion-
exchange equilibria have been assumed over the entire liquid
phase including the film adjoining the interface. In the light of
the significant mass transfer control of the overall rate that is dis-
cernible from the observed data to be discussed shortly, the above
assumptions seemed justified and led to useful simplification of
the treatment.

Pradhan and Sharma [9] had conducted phase-transfer catal-
ysed sulfidation of benzyl chloride. In the typical experimental
protocol, benzyl chloride and a quaternary ammonium salt
(TBAB) dissolved in toluene were charged into a laboratory
mechanically agitated glass reactor, which included a six-bladed
glass disk turbine impeller with appropriate clearing at the bot-
tom, also provided with a stainless steel cooling coil. Sodium
sulfide particles of a specified size range were charged into the
reactor and the mixture stirred at a particular agitation speed.
The reactor was kept under isothermal conditions. From the
observed marginal effect of temperature (an activation energy
of about 9.6 kJ/mol) the mass transfer control of the measured
rate of reaction was suggested. In a clear demonstration of this
conjecture, experiments conducted with three size cuts of the
sodium sulfide particulate charge showed an inverse square
dependence of the rate on the mean particle size. We tried
to simulate these results using our model after an appropriate
extension.

5.2. Model extension

To adapt the model (see Section 2) to this class of reactions,
we would primarily need a redefinition of the ‘linear’ dissolu-
tion rate R(Dp) to be used in the particle population balance, Eq.
(2). We would also need to write a set of mass balance equa-
tions for the concentration of the species RX, RY, QY and QX
in the organic phase reflecting the inter-phase transport of the
quaternary ion-pairs.

Solution has been given [32] for the mathematical model of
absorption of a gaseous solute followed by an instantaneous
reversible reaction with a dissolved reactant. By analogy, for
the particular bimolecular 4-species reversible reaction (the ion-
exchange) as we are concerned with in this paper along with the
zero flux assumption as above, it can be shown that the intrinsic
particle dissolution rate is given by

dDp
R(Dp) = &

_ 2MWikisCyy[1 + (Day/Dmy) P/ Cry 7
Ps
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where

Dnx .17 " Dyvx\ 03
®=0.5 |:< ) KQYcMY:| +4KqyCyy (7) CQX
DQX DQY

—0.5 (DMX) KQYcKAY (28)
Dqx

From the same analysis the expressions for the fluxes of QY
out and that of QX into the film can also be written. Using the
generalized kinetic model framework for the mass transfer con-
trolled PTC reactions developed earlier by us [33] the pertinent
liquid phase balance equations can be written as

dcy
dcy
% = kaCRxCoy (30)
dCg
QY 0 0
—— = —kyCr~C,
Q& 2CrxCoy
Dpy
kisaisCypy[1 + (DQy/Dmy) P/ Cipy]
—i—Z W (3D
DpL
dCg
QX 0 0
= kpCr~ C,
a 2CrxCQy
D
_f kisaisCypy[1 + (DQy/Dmy)®@/ Cipy] (32)

Vi
DpL !

where aj; would be calculated by the Egs. (5) and (6) and kg
has to be obtained using a suitable correlation as in the previous
problems. The initial conditions are:

Crx = Crx0 (33)
C&X = Coxo (34)

The above is the complete set of extended model equations,
which can be solved for predicting the rate of consumption of
the organic phase reactant, Rrx, a quantity which was measured
experimentally.

5.3. Comparison with experimental data

Consistent with the species nomenclature used in this section,
the sulfide anion is represented by Y, the leaving anion (chlo-
ride) by X, the tetrabutylammonium cation by Q, the organic
phase reactant benzyl chloride by RX and the sodium sulfide
salt by MY. Table 5 summarises all the necessary input data
in order to apply the model to this problem. Most of the pro-
cess and operating data have been taken from the description
given by Pradhan and Sharma [9] as under their Fig. 2. The
pure component properties have been taken from the standard
handbooks. The salt solubility is expected to be very low, ion-
exchange equilibrium constant reasonably large, neither value

Table 5
Input data for predicting the rate of TBAB catalysed sulfidation of benzyl
chloride

Quantities
Input data
Liquid volume (m?) 3x 107
Concentration of benzyl chloride (kmol m=3) 1.25
Concentration of TBAB (kmol m—?) 2.5% 1073
Solid Na,$ loading (kg m~3) 10?
Speed of agitation (rpm) 2000
Particle size ranges (three cuts; pwm)
1 106-500
2 500-850
3 1003-1404
Diffusivity ratios
DQy/DMY 1.0
Dqx/Dmx 0.357
Dqy/Dox 3.08
Solid Solubility (kmol m~3) 5% 1072
Displacement rate constant (m? kmol~! s~1) 0.475
Ton-exchange equilibrium constant 10
Conversion (%) 40

having been reported. We used the values as used by Naik and
Doraiswamy [30] for a similar problem. The sensitivity of the
calculated rates towards these parameters was found negligible.
The base value of diffusivity of the salt was estimated by using
Wilke—-Chang correlation. Those for QY and QX can also be
estimated assuming them to be neutral molecules, but the val-
ues are not quite reliable. In absence of measured data or proper
estimates, the diffusivity ratios along with the bimolecular rate
constant k» for the displacement reaction were estimated which
allowed model predictions to best fit the observed rate values
for varying mean particle size for the particulate charges used
in experiments. The finally estimated values have been reported
in Table 5.

As with the other problems dealt with in this paper, the
poly-disperse particulate charges were represented by the
Rosin—Rammler distribution with appropriate values for the
parameters n and D so as to match the specified size ranges
(see Table 6). The corresponding mean particle sizes were cal-
culated by the formula given in the Eq. (21). This is clearly more
appropriate than the values quoted by Pradhan and Sharma [9]
that were obtained by computing mere arithmetic average of the
limiting values for a given size range. The predicted rates appear
in the last column of this table. Fig. 8 shows a close approxima-
tion by the model predictions of the inverse squared dependence

Table 6

Effect of particle size and poly-dispersity of the solid Na;S charge on the rate
of TBAB catalysed sulfidation of benzyl chloride (at a matching conversion of
40%)

Caseno. n D (wm)  Size range Dp (um)  Rpx x 10°
(pm) (kmolm—3 s~ 1)

1 7 360 102-496 342 65.82

2 21 750 498-838 737 2291

3 31 1300 982-1402 1285 8.42
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Fig. 8. Effect of particle size on the rate of TBAB catalysed sulfidation of benzyl
chloride.

of the observed rate on the mean particle size of the charge (a
clear indication of the mass transfer control of the rate). This
fit justified the assumption of Shy, = 2 for this data set (surmised
correctly by Pradhan and Sharma [9]) and estimation of kjg on
this basis.

6. Conclusions

In the foregoing a general-purpose model has been presented
which successfully simulates experimentally observed integral
batch reactive dissolution rate data while accounting for the
specified poly-dispersity of the solid particulate charge. The
applicability of the model was shown to be spanning from a sim-
ple isothermal reaction to an exothermic reaction with runaway
potential and to a phase-transfer catalysis reaction with a com-
plex mechanism. We believe that it can be applied to many more
solid-liquid reaction systems of interest in organic synthesis,
provided the reaction kinetic scheme is broadly known and can
be schematically represented. The model and the adjunct numer-
ical calculation procedure, consciously designed to achieve this
versatility with minor modifications and extensions, should help
practitioners in the organic chemical process research and devel-
opment.

The model was shown to predict the time required for a spec-
ified extent of conversion of the particulate reactant or the rate
of consumption of a key liquid reactant under a variety of pro-
cess and operating conditions, like temperature, liquid reactant
and the catalyst concentration, agitation speed, particle size and
poly-dispersity of the charge. Such information is useful in reac-
tor design and scale-up. Where dissolution is accompanied with
exothermic and gas producing reaction with runaway potential,
the model can be used to predict quantities of interest in haz-
ard assessment and should aid safe reactor design. The effect of
poly-dispersity of the solid phase on the rate of reaction in gen-
eral and heat generation, in particular, in exothermic reactions,
has been predicted by the model, to the best of our knowledge for
the first time and may presage useful applications after careful
experimental verification in future.
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